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Nuclear imaging data collected during the National Ignition Campaign (NIC) at the
National Ignition Facility (NIF) from Dec. 2011 through Aug 2012 are reported. The
data include the size and shape of the hot-spot and cold-fuel using images of neutrons
in the windows 13-17 MeV and 6-12 MeV respectively. The fuel configuration is
defined by Legendre polynomial fits of the contours at 17% of peak intensity. Volumes
are defined by the surface of revolution about the hohlruam axis using the fit contours.
The average fuel assembly near stagnation is characterized by a central hot oblate
spheroid of mean radius P§* = 27.4um, (0,,s = 2.4 pm), with a mean polar deviation
of -4.4 p, or Phs/Phs = -0.15 ((0ms = 0.16). X-ray self-emission images, as well as
simulated neutron images, show good agreement with the nuclear image data with:

P = 9T 3y, (0,0 = 2.6 pm), PE /P = 0.0 (0,7 = 0.08), and

rms rms
Pm = 26.4pm, (05 = 1.8 pum), with P5™ /Pg™ = -0.01 ((o5™ = 0.18). Surrounding
the hot-spot is a dense sphere of deuterium-tritium fuel with a mean radius of ng
= 41 pm (0pms = 3.9 pm), which is smaller than 2-D post-shot simulation values
of PSf = 45 pm (0ppms = 2.8 pm). The image data, combined with other nuclear
data is used calculate a “geometric” down scattered neutron ratio. The geometric
down scatter ratio is on average 37% larger than time-of-flight measurements. The
mean post-shot simulated down scatter ratio is systematically larger 27% than data.
Preliminary studies indicate the down scattered rate differences are consistent with
significant deuterium-tritium mass, 2, 20% of initial, outside the 17% of peak density

contour, due either to low mode mass asymmetry, or high mode mix at the ablator

ice interface.

PACS numbers: 29.25.-t,52.57.Fg,52.70.Nc

2) gperim@lanl.gov



s7 I. INTRODUCTION

ss  The goal of indirectly driven inertial confinement fusion experiments at the National Ig-
s nition Facility (NIF) is to obtain thermonuclear ignition using a small mass, ~ 170 ug, of
s hydrogen isotopes.! The process begins with the 192 beam, 351 nm, NIF laser which illumi-
o nates a high-Z cavity (hohlraum) producing a flux of soft X-rays at a temperature of ~290
2 eV. These X-rays ablate the outer surface of a ~2 mm diameter plastic shell, or ablator,
63 containing a cryogenically formed deuterium-tritium ice shell on the inner surface, approxi-
o« mately 70 pm thick. As the outside of the ablator is accelerated outwards, the balance of the
65 Mass recoils inward, compressing the remnant deuterium-tritium vapor, formed at the 19.8
ss KK triple point prior to implosion. The assembly accelerates through a peak velocity of ~300
e Km/s, before decelerating and stagnating, compressed by a factor of almost 30. The pdV
¢ work performed on the vapor raises the central temperature of the assembly to ~ 3 keV, ini-
s tiating T'(d,n)a reactions. The goal is to initiate a propagating a wave of fusion reactions in
70 the surrounding dense deuterium-tritium shell via sustained heating through alpha-particle
7 energy deposition. To optimize the experimental program, the National Ignition Campaign
» (NIC) was created with a defined set of goals, requirements, and experimental plans.?™
73 During 2011, initial results from NIC experiments with cryogenically layered targets were

74 published.5’6

75 Additional results from ignition experiments performed between December 2011 and Au-
76 gust 2012 are reported here. The results focus on nuclear performance with emphasis on
77 the shape of the implosion using the neutron imaging diagnostic.”!° Rather than focus on
76 detailed analysis of one or two specific shots, as reported by Cerjan'!, we report on the av-
70 erages and trends of the 2012 data set. In section II we briefly describe the neutron imaging
s technique, including image formation, and reconstruction. In section III we describe the
&1 simple geometric model of the fuel assembly using the neutron imaging data and define the
&2 geometric down scatter ratio. In section IV we report on the fuel assembly geometry data
g3 from 2012 ignition experiments and compare these to post-shot simulations. A summary of

sa the results and conclusions of these studies is presented in section V.

4



s II. NEUTRON IMAGING
s A. Overview

sz Detailed aspects of the development and implementation of the NIF neutron imaging
ss diagnostic has been documented in a number publications” °. Presented is a brief overview

g0 of the system.

o B. Image Formation

o1 The primary task of the NIF neutron image diagnostic is to produce 2-D images of
o2 where neutrons are produced and scattered within the deuterium-tritium volume of layered
o3 cryogenic implosions at the the NIF. The original specifications'? for the system require
a two neutron images, one of neutrons with a kinetic energies in the range 13.5 to14.5 MeV,
s the primary neutron image, and one with neutron energies in the range 6 to 10 MeV, the
o scattered neutron image. Further, images must be collected at primary yields of 1E15
o7 neutrons with a “point resolution” no worse than 15 pm.

¢ 1o achieve these goals the system was designed with a compound aperture, a “grand
o array'®” of 20 pinholes combined with 3 penumbral apertures. The apertures are formed in
100 20 cm long gold foils, that are supported by faced tungsten plates to provide mechanical
101 stability.'* To address the competing requirements of manufacturability and image perfor-
102 mance, the pinholes were made using a triangular cross section. The average diameter of
103 the pinholes for 14 MeV neutrons is 19 um. To accommodate a field of view that is twice
14 the source size, the front of the aperture body is located 32.5 cm from the target. The grand
105 array of pinholes focuses to a point 26.5 cm in front of the aperture, providing tolerance to
106 pinhole array misalignment.

w7 Fig 1 shows the neutron imaging system detector, housed outside the NIF building, in
s an “annex” constructed to support the diagnostic. Neutrons enter the annex from the
o upper left, through the final line-of-site collimator. The neutrons then pass through a
no pair of neutron time-of-flight “paddle detectors,” where measurements of ion temperature,
w yield, and spectral, or scatter rate measurements, are made. Subsequently, the neutrons are

2

12 detected in a 5 cm long by 16 x 16 cm” organic scintillator, constructed from a coherent

us array of 250 um diameter scintillating fibers. Recoil lengths of elastically scattered protons
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FIG. 1: The detector system for the NIF neutron imaging diagnostic. Neutron exit the
collimated line-of-site in the upper left, pass through the time-of-flight paddles, and are

imaged in the scintillating fiber array, indicated by the arrows.

s can extend several millimeters in the scintillator, thus the imaging scintillator mid-plane is
us positioned 2802.5 cm from the target providing a system magnification of 85.2 for a pinhole
ue images, and resulting in a recording system resolution of 14.5 yum at the target plane. To
uz capture two images, light from each end of the fiber array is collected and optically relayed
us to CCD camera systems where it is digitized. Each optical relay leg includes electro-optic
1o shuttering using micro channel plate image intensifiers (MCPII) to record images of neutrons
120 with different kinetic energies. In the data reported below, neutrons are typically collected
121 in energy bands from 13-17 MeV, primary neutron images, and 6-12 MeV, scattered neutron
122 images. The energy gate change from the original system requirements do not affect the
123 primary data interpretation goals for these two images, but allow wider gates that provide

124 better camera system performance.

s C. Image Processing

s To prepare the data for physics analysis, images must be corrected for both instrument
127 and image formation effects. Correction for instrument effects, include electronic pedestal

13 subtraction and star removal, as well as position dependent sensitivity corrections (flat-
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120 field) and spatial dewarpring of the image field. The image data from the two cameras
130 are absolutely registered to a precision of £2.5 um at the object plane. To correct for the
131 residual primary image still present during the scattered image gate, 1.4% of the primary
12 image is subtracted from the scattered image. Long range blur, i.e. light outside the images
133 produced by multiply scattered neutrons, is subtracted using a fit to the inter-aperture light
134 field, assuming the blur source originates from neutrons passing through the penumbral
135 apertures.

s After instrument and image formation corrections are applied, the array of images are

137 analyzed to determine the position of the source relative to each aperture centerline. The

w

138 set of pinholes most closely pointed to the source are input to an Expectation Maximization

130 algorithm.'>"!” The algorithm corrects for the non-stationary aperture point spread function,

w

1

'S

o as well as filtering the image to reduce high frequency noise in the object field.

11 The NIF neutron imaging diagnostic has been under development for many years, with
12 formal work dating to 2005.% During this time a wide range of experimental and computer
13 simulation studies have been performed to define and quantify the NIF neutron imaging
s system resolution. In previous work? the system point resolution, accounting for image

s formation and inversion at NIF relevant signals levels was determined to be 18 pm.

us III. FUEL ASSEMBLY DESCRIPTION

w7 As mentioned, the primary imaging task is to determine where neutrons are produced
us and scattered within the deuterium-tritium fuel. The goal is to create a simple model of the
1o fuel assembly near stagnation, illustrated in Fig. 2a. By creating a 3-D model, it is possi-
10 ble to infer, volumes, densities, pressures, etc. and to thereby evaluate the hydrodynamic
151 performance of the experiment, c.f the work of Cerjan and Springer.!' In this model two
12 characteristic regions are identified, the central hot (~ 2-4 keV) core where fusion reactions
153 occur, and the surrounding cold, dense deuterium-tritium shell, the main fuel payload and
154 scattering source within the assembly. To create this model of the fuel assembly from the
155 2-D images distributions, surfaces of revolution, defined by contours of constant signal in-
16 tensity are constructed. The NIF neutron imaging system views the imploded capsule in
157 the equatorial plane, orthogonal to the hohlraum axis, as illustrated in Fig. 2b, therefore

18 this axis is the center of revolution for volume construction.



Rotation Axis

X-ray Image LOS
(90,78)

Neutron Image LOS
‘ y (90,315)

(a) Model (b) Imaging lines-of-site

FIG. 2: Fig. 2a illustrates the simple 3-D fuel model to describe the source volumes for the
neutron image data. Fig. 2b illustrates the geometry of the experiment, the axis symmetry

defined by the hohlraum, and the imaging lines of site for neutrons and X-rays.

159 A. The 17% contour

1o In image analyses at the NIF, it is common practice to define the lateral extent of a
11 volume by a contour of constant signal intensity. For historical reasons, the contour used at
162 17% of peak signal intensity is the primary contour used. This contour is sufficiently weak
13 to accurately represent the lateral extent of the source, but strong enough to be distinct
1« from random noise outside the source. This choice is further motivated by noting that for
165 a spherical source of radius Ry and constant emissivity, the 1-D Abel transform is given
166 by, 24/ R — r2. The lateral extent of this function at 17% of the peak amplitude, measures
17 98.5% of Ry, an adequate measure of extent. For the scattered neutron image, where no
18 simple analytic image formation expression is available, simulated images using transport
160 Monte Carlo tools,'® 20 indicate the 17% contour also accurately represents the lateral extent

170 of the dense shell.

m 1. Legendre Polynomaial Fit

2 To simplify the mathematical representation of the contour, a finite Legendre polynomial

173 expansion, c.f. Eqn. 1, is used, where 6 is the polar angle in the plane orthogonal the



(a) 17% Contour (b) Contour sampling (c) Resulting fit

FIG. 3: Illustration of contour fitting with finite resolution. Fig. 3a shows the 17% of peak
contour, Fig. 3b, the contour is sampled with independent measures of the radial positions
as a function of 6, and Fig. 3c shows the results of the fit using the first two even modes of

the Legendre polynomial expansion.

174 neutron imaging line-of-site, and P; is the [th coefficient of the Legendre polynomial L;.

L

rirg(0) = > P~ Li(0) (1)

1=0
s For the neutron imaging system the fit is performed out to mode 6, i.e. L = 6, with the
76 constraint that P; = 0, which determines the location of the contour center. The process of
177 the fit is illustrated in Fig. 3. Fig. 3a shows the 17% of peak contour identified on a sample
s image. One possible set of independent samples of the contour radius as a function of 8, are
179 shown in 3b. The samples are independent if they are separated by the system resolution A.
10 Kach sample generates a radial measurement from the position that eliminates P;. Because
181 of the finite resolution of the system A, the independent samples are taken discrete angles
182 0;. Fig.3c shows the results of a typical fit of the Legendre polynomial expansion, with the
183 first two even modes illustrated. The parameter Py is the mean radius of the contour, and
184 Po, is the deviation from this mean radius along the polar direction, or # = 0, direction. A

15 negative Py is smaller han the mean radius along the polar (0 = 0) direction.

187 2. Accuracy of Legendre Coefficients

188 This conceptual exercise allows for a simple estimate of fit parameter accuracy. To

150 estimate the Py accuracy, a contour is represented by the function r(0) = Py+ Py - Ly(6), with

9
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FIG. 4: Distribution of Py fit values from a replicate trials study.

190 a point resolution of A, the number of independent samples of this contour is approximated

11 by the expression:

(Po+P2)2+(Py—P2/2)2
N - 27T\/ 0 2 5 0 2 (2)
samp A

102 Letting A represent the full width at half maximum of a Gaussian distributed error on the

13 radial measurement, then accuracy of measurement of Py is estimated by:

B A
24/210 2(Nogmp — 1)

0Py (3)
1ws  For the NIF neutron imaging system, this implies that a contour with Py = 30 pm, results
105 in 10 independent samples of the mean radius, assuming an 18 pm resolution element. The
106 resulting accuracy of the Py measurement is ~ 2.5 ym. This estimate is in good agreement
17 with replicate trials studies, where contours of constant intensity are generated at a variety
108 of different Py and Py values. These contours are randomly sampled with resolution size
19 A and fit to the Legendre polynomial expansion using a least squares fitting algorithm.
200 An example distribution of the resulting fits is illustrated in Fig 4. A gaussian fit to the

200 ensemble of trials gives an estimate of 0Py of 2.5 pm.

203 B. Stagnation state variables

24 Using the surfaces derived from the revolved contours, volumes are calculated for the
205 two regions. Assuming an isobaric configuration, it is possible to infer key state variables of
206 the fuel assembly, including, density, pressure, and adiabat. Detailed modeling of the fuel

207 assembly to infer pressure and adiabatic is described elsewhere!!. In this work we focus on

10



208 calculating the geometry and density of the assembly, and from that the scattering rate, or

200 down scatter ratio of the assembly.

a0 1. Density

on The density of the deuterium-tritium volume producing the primary neutron yield, is
212 calculated by inverting the yield equation:

Y.,
(0@)Trth5

(4)

2 _
Y, = ng(00)Trn Vis = Mg =

213 where Y, is the total fusion yield, ng is the number density of pairs of deuterium-tritium ions
21u (equimolar initial conditions) in units of cm™, (o0) is the velocity averaged cross section

2

-

s in units of cm?3/s, and Vj, is the hot-spot volume in units of cm?3. In ignition experiments

216 at the NIF, neutron yields are often quoted as the number of neutrons in the energy range

=

7 from 13-15 MeV, which is lower than the fusion yield, due to scattering in the dense shell,

2

=

218 and therefore must be corrected by the measured down scatter rate.
29 The density of the deuterium-tritium shell surrounding the hot-spot, is calculated by

220 assuming the balance of the initial mass resides inside the dense shell surrounding the volume

N

221 producing the primary neutron, thus

Mgl%t - phsvhs
cf — ) 5
Pes v, (5)
2> where, M% is the initial deuterium-tritium mass in the capsule, ~ 170 ug, pps and Vj,, are

23 the hot-spot density and volume, respectively, and V., is the cold fuel volume.

24 2. Geometric Down Scattered Ratio

25 Assuming uniform density within each volume, the above geometry and density allow
26 calculation of the neutron scattering rate within the fuel assembly. Fig. 5 illustrates the
227 simplified fuel configuration used to calculate this rate. The assembly has been simplified to
28 two concentric spheres defined by the radii, Ry, = P}*, where fusion neutrons are born, and
20 Rep = P(C)f , the dense deuterium-tritium shell where most neutrons scatter. The densities
230 of these two volumes are nys, and n.s respectively. The lines shown illustrate how the how

2 the fuel volume is sampled by scattered neutrons. For a detector located at a large distance

11
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FIG. 5: Graphical representation of how geometric down scatter ratio is calculated. See

text for full description.

22 from the assembly, neutrons that scatter at a specific angle and into the detector acceptance
233 were born as neutrons traveling to the right along the dashed parallel lines through the
234 hot-spot. The neutrons may scatter at the angle 6, at any point along either the dashed line
235 through the hot-spot, or along the solid line within the cold-fuel. The energy of the scattered
23 neutron will be determined by the scattering process and the mass of the scattering center.
237 At the NIF, the down scatter ratio is calculated using the flux of neutrons between 10 to 12
28 MeV, where only elastic scattering from deuterium and tritium need be considered, and the

230 corresponding scattered neutron energy is calculated using:

14.1MeV
E7/’L = W_le)z(cosg + [AZ — Sin2 0]1/2)2 (6)
20 where A is the mass of the deuterium, or tritium scattering center.
2 For a radial path through the equimolar deuterium-tritium fuel assembly, the ratio of the

212 scattered neutron flux in the 10 to 12 MeV band to the un-collided flux is given by:

eoll _10-12 Naoa
— =« exp Y (pCfARcf + Pthhs) -1 (7)
CI)unc Mdt

23 where, N, is Avogadro’s number, My is the average molar mass of a deuterium and tritium
204 i0M, G4 is the average elastic scattering cross section of a 14.1 MeV neutron off of deuterium
2s and tritium ( = 0.77 b), p.s and pps are the gram densities of the cold-fuel and hot spot
26 Tespectively, Ry, is the hot spot radius, AR.; is the thickness of the cold fuel along the

27 radial, and finally, o!°~!2 is the fraction of scattered neutrons in the 10 to 12 MeV band,

12



248 €.(.:

10712 12 dE dJ (8)
(6]
f dE da
= 0.239 (9)

a9 Due to the relatively small fraction of scattered neutrons in the energy range between
250 13 to 15 MeV, the uncollided flux may be approximated by this energy band, and thus the
251 down-scattered ratio (DSR) is defined as:

(1)10512 (I)lO” 12
DSR(10 - 12) = b ~ —cell (10)

2 As can be seen in Fig. 5, a finite size hot-spot will generate non-radial contributions
23 to the detected flux, which isn’t included in Eqn. 7 above. To address this, Eqn. 7 is
24 generalized to the mean chordal path, through the fuel assembly, Ry, + AR.s, which occurs
25 at the mean apothem xp, in Fig. 5b. The mean apothem is the density and path length

6 weighted average of apothem across the hot-spot i.e.:

o Jftns dr (nhsm + Ny (W —\/R2, — x2>)7
fORhS dx (nhs\/R,zw — 22+ ngy (\/R(z;f \/Rhs - ))
257 which reduces to:
1By - (R - )" - B, (1))

6 (Rhs\/ﬁ+ RZsin~ (RhS/RCf)> — 37R2, (1 B %) :

8 From this the mean chordal path lengths may be calculated:

ARhs::\fR2 — 73, (13)
\/Rcf — 23— \/Ris — Zf. (14)

0 Fig. 6 illustrates the accuracy of the geometric down scatter ratio formula. A series of

(11)

o —

(12)

a0 static fuel assemblies with varying radii, asymmetries, and densities, were simulated using
20 MCNP,'® a general purpose neutron transport Monte Carlo package. The figure horizontal
22 axis is the ratio of the neutrons tallied in the 10 to 12 MeV range to the 13-15 MeV range, at
263 & position outside the fuel assembly, simulating a NIF neutron time-of-flight type of detector.
24 The vertical axis is the geometric DSR, using the fuel geometry and density configuration
s that was simulated. The number of histories generated were large enough that the tally
266 error bars are smaller than the data marker. The red, y = x line, illustrates good agreement
27 between the geometric formula and the tallied ratio over the range of down scatter values

e typically observed in ignition experiments at the NIF.
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FIG. 6: Comparison of the geometric down scatter ratio formula with the simulated ratio,

calculated from neutron tallies using MCNP.
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FIG. 7: Gallery of primary (13-17 MeV) neutron images from layered cryogenic implosions
between Dec. 2011 and Aug. 2012.

20 IV. 2012 IGNITION EXPERIMENT DATA

on A, The Primary Neutron Image

%10 images of primary neutrons produced by deuterium-tritium

oz As described previously,
273 fusion reactions are collected by correlating the electro-optic shutter, between the scintillator
o2 and digitizer to coincide with the arrival time of 14.1 MeV neutrons. Specifically, the primary
o5 camera collects images of neutrons between 13 and 17 MeV, a gate width of 70 ns, starting
o6 498 ns after bang time. Fig. 7 shows a gallery of neutron images collected during the 2012

277 ignition campaign. The size of a pixel in these images is 4 um. The gallery exemplifies

14



35 T
T
Aao- _ T-LL ‘—-%LT T :
§25f¥+ii J‘!Tl.i .TLI §o T I _ L* | —
® I : 48 Y
15 1 Data M Simulation 1 1

RS S SR . S TN S S S S S S S Y
P . . T R . I B & P P
9 D D DD DD DD DD D DD DD D D S P P PP S B
,@Q ,@Q 9@ 9@ 9@ Q% Q% %ﬁ %ﬁ ,@Q ,@Q 9@ 9@ 9@ Q% Q% %Q %Q QQ\/ @ 06‘/ '\/ » Y '\/ ' 06’} QQ\ 00’\« QQ\ °Q’\/ Qe\ 06\/ '\/ N2

Cal i gl T i S SO T T gt
’;& o> > o> s ww\, wa’\, wa’\, wa’w wa’w o5 3 o5 3 w““w 'v& o5 % 'vé\w wl\w 'v%e wq’e w&w
PP I I I TP IIITITFIIIIFEE

(a) Primary P2 (b) Primary P4s/Pps

FIG. 8: Primary neutron image data from ignition experiments between Dec. 2011 and
Aug. 2012 as well as post-shot simulations. Fig. 8a shows the mean radius of the
measured primary neutron image, while Fig. 8b shows the measured relative deviation

from the mean radius along the polar direction.

o the range of sizes and shapes collected to date. Given the current understanding of the
279 diagnostic, results are reported on the first two non-zero modes of the Legendre polynomial
20 fit to the contour at 17% of peak intensity.

s Fig. 8a shows the summary of the hot-spot P} data, along with the corresponding
22 mean radii from post-shot simulated neutron images. Data values are indicated by the blue
263 (online) circles, while simulation values are indicated by red (online) squares. The values
e of PP vary from 23.8 p to 33.5 pum, with a mean of 27.4 um, and a standard deviation
285 of 2.4 pm. The error on an individual measurement is ~3-4 pm, with contributing factors
2s6 including: statistics, system resolution, aperture manufacturing, aperture pointing, and

1021 Fig. 8b shows the summary of the hot-spot shape

2g7 inversion algorithm systematics
28 measurements, expressed as the ratio, Ph*/Ps. The values of P2% /P range between -0.37
280 and 0.21, with a mean value of -0.15 with a standard deviation of 0.21. Thus, the hot spot
200 volume of a typical implosion in 2012 may be characterized by an oblate spheroid with a
201 mean radius of 27.4 pym, and a radial deviation along the pole of -15%, or 4.4 pm.

22 Time integrated X-ray images, filtered to energies above ~ 9 keV, were also collected
203 on this data set. Hard X-rays images indicate where the fuel assembly is hot, and should

204 be produce data consistent with the neutron image size and shape. As illustrated in Fig.

205 2b, equatorial X-ray images are collected along on a different line of sight, rotated 123°
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206 around the hohlraum axis from the neutron image, and thus projected asymmetries induce
207 slight scatter in direct, shot-to-shot comparisons of Ph* and Ph* values. On average, the
2 X-ray image Py "™ is observed to be 27.3 um, with 2.6 um rms scatter, and the average
200 P37 /Py i observed to be -0.09 with an rms of 0.08, showing very good agreement

s00 with neutron image data.

sn As indicated by the red (online) squares in Fig. 8a, synthetic primary neutron images
;2 were generated for comparison with data. Synthetic neutron images from different meth-
303 ods of simulating implosions have been generated, including capsule only simulations,?? as
s00 well as 2-D integrated hohlraum and capsule simulations.? The simulated images included
305 here were generated by post-processing 2-D integrated hohlraum calculations, where the
306 Tadiation drive seen by the capsule was tuned to match shock speed data from shock-timing

25,26

307 experiments??, radius vs. time data from convergent ablator experiments?»?°, and bang-time

s0s data from cryogenically layered dueterium-tritium implosions® %1,

30  Neutrons produced during the implosion are post-processed using a tool developed by
30 Wilson?” et al. that performs a 3-D Monte Carlo transport through the volume generated
s by revolving the 2-D mesh around the axis of symmetry. As the neutron exits the mesh, its
s12 position and direction are used to calculate the impact parameter in the plane orthogonal to
a3 the velocity. The resulting impact parameter image represents the Abel transformed source
su distribution. This 2-D distribution is further smoothed by a 10 pm Gaussian blur function to
a5 simulate a detector response. The tallies my be binned in energy to provide synthetic images
a6 of both the primary and scattered neutrons. Studies of these simulated scattered images
s1i7 have shown that the both the 10-12 MeV and 6-12 MeV energy images produce comparable
s1is contours of constant signal intensity and these agree well with the corresponding contours
a0 in density space. Further, the 17% of peak intensity contour represents a good estimate of
20 the dense shell lateral extent. As can be seen in Fig. 8a, the simulation results show good
21 agreement with the data, having a mean radius of P2 = 26.4 ym, and standard deviation
2 of 1.8 um. On average the simulated images are symmetric with a P4*/P* = 0.01, and a

33 standard deviation of 0.18.
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FIG. 9: Gallery of scattered neutron images from layered cryogenic implosions between

Dec. 2011 and Aug. 2012.

2 B, The Cold-fuel Image

»s  Images of neutrons scattered to energies lower than 14.1 MeV are collected in a second
326 camera system viewing the scintillator with its electro-optic shutter timed to coincide with
327 neutrons in the 6-12 MeV energy window, except for shot N111215, which used a 10-12 MeV
»s gate. For the 6-12 MeV image, this corresponds to a gate width of 241 ns starting 590 ns after
29 bang time, and for 10-12 MeV the gate narrows to 55 ns. Simultaneous images with both
;30 cameras of a deuterium-tritium filled exploding pusher type capsule indicate that scattered
sn images must be scaled in size by 6% to correct for a previously undetected magnification
s difference between the two camera systems. Fig. 9 shows a gallery of scattered neutron
333 images, representing the range of sizes and shapes collected during 2012. As expected the
s scattered images are larger than the primary images, due to the dense deuterium-tritium
135 volume surrounding the hot-spot. Further, absolute registration of the primary and scattered
336 images shows that 17% contours of the two image are concentric with each other to a
sy precision of £ 2.5 pm.

s Fig. 10 shows a summary of the ng and ng measurements of this data set along with
339 results of post-shot simulations of these experiments. Data values are indicated by the blue
a0 circles, while simulation values are indicated by red squares. Fig. 10a illustrates the variation
s of P§/ across the data set, with a minimum P& of 35 ym and a maximum of 46.6 um. The

342 nean ng value is 41 pum, with an rms scatter of 3.9 um in the data. The error on an
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FIG. 10: Scattered neutron image data from ignition experiments between Dec. 2011 and
Aug. 2012 as well as potshot simulations. Fig. 10a shows the mean radius of the measured
scattered neutron image, while Fig. 10b shows the measured relative deviation from the

mean radius along the polar direction.

3 individual measurement is ~5-6pm, depending on yield and with similar error contributions
s as the primary image. Fig. 10b shows the variation of the scattered image P;f / ng in this
us data set. Similar to the primary image, the scattered image P;f / P(C)f varies from -0.31 to 0.2,
us but unlike the primary image, the mean value is -0.01 with an rms scatter of 0.11. Thus, in a
a7 typical 2012 layered implosion the volume of the deuterium-tritium payload near stagnation

us may reasonably be described as being contained within a sphere of radius 41 pm.

u  As mentioned, the red squares in Fig. 10a are the ng values from simulated images
sso described above. The values range from a minimum of 39 ym to a maximum of 50 ym, with
551 a2 mean value of 45 um and an rms scatter of 2.8 um. Although the simulated image sizes
ss2 typically fall within an error bar of the data values, there is a clear systematic shift between
353 the simulated scattered images sizes and the data. One possible explanation could be a
154 systematic underestimate of the image size to due image statistics. Empirical characteri-
5 zation of the camera system, using image data from low yield implosions, e.g cryogenically
36 layered tritium-hydrogen-deterium(2% at.)? capsules, as well as measured camera relative
357 sensitivities, scintillator energy sensitivities, and estimates of scattering rates within the
sss fuel assembly indicate the lateral extent of a cold fuel assembly with uniform density should

150 be sufficiently sampled to produce a significant image at primary yields of 2 1.0-1.5E14
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FIG. 11: Average scattered image Py within bins of neutron yield (13 -15 MeV). The red
dashed line indicate the global average of 41 pm.

30 Neutrons in the energy window from 13-15 MeV.

w2 Fig. 11 shows the variation of the scattered image ng as a function of yield. The data
33 in Fig. 10a has been averaged within the indicated energy bins, with at least three data
s points per bin. The error bars represent the rms scatter of the ng data within each bin.
ss The red dashed line indicate the average value of 41 um. These independent subsampled
w6 data points are consisted with the ensemble average and the hypothesis that the radius is

37 not systematically underestimated due to statistics.

s C. Dense Shell Geometry

w0 In this simplified concentric shell model of the fuel assembly, the dense deuterium-tritium
a0 layer resides just outside the oblate spheroid defined by the hot-spot image and inside the
snn sphere that is defined by the scattered fuel image. This volume may characterized by a mean
a2 thickness, Ty, and fractional deviation along the pole, To/Ty = (P§ - Pi*)/(P§/ - Pt*). Fig.
w3 12 shows the Ty and Ty /Ty data from 2012. Inferred shell thickness varies from a T of 7 um
s up to a maximum of 18.7 um. The mean thickness across this data set is 13.6 um, with an
ss TS scatter across data of 3.9 um. Because of the systematically oblate hot-spot, the shell
w6 thickness is systematically prolate with Ty/Ty = 0.27 and o,.,,s = 0.34. The consequence
si7 of the prolate shell is to effect a differential attenuation of the radial 14.1 MeV neutron
s flux between the pole the equator. The ratio of the polar to equatorial uncollided radial
w0 flux is given (1-Ty/(2Ty))/(1+T2/Ty) = 0.67 for the typical fuel assembly above, which is

s consistent with nuclear activation diagnostic measurements.?®
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FIG. 12: Dense deuterium-tritium shell geometry created by taking the difference between
the Legendre polynomial expansion of the scattered image and hot spot image 17% of peak

intensity contours.
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FIG. 13: Down scatter ratio data for layered cryogenic implosions. Blue circles are neutron
time-of-flight measurements using a detector in front of the neutron imaging line-of-site,
green diamonds are the inferred ratio using geometry data from the neutron imaging

diagnostic, and the red squares are the results of 2-D integrated hohlraum simulations.

1 D.  Geometric Downscattered Ratio

2 As described in section III B2, the above geometry data may used to infer a geometric
;3 down scatter ratio based on the assumption that the deuterium-tritium fuel is uniformly
ss4 distributed within the volumes calculated. The density of each region of the fuel assembly,
s hot-spot, and dense shell, is calculated using the initial deuterium-tritium mass, and the

36 nuclear data for each shot, e.g., Yield, T;,,, and 7,,, or gamma burn history. The inferred
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se7 geometric down scatter ratio data are shown in Fig. 13, indicated by the green diamonds.
388 Also plotted in the figure are the time-of-flight down scatter ratio measurements, blue circles,
0 using the NIToF detector which views the same neutron flux as the imager, as well as
30 simulated down scattered ratios, red squares, using the post-shot simulations described
sa previously. Although the geometric down scatter data trend with the time-of-flight data,
322 they show a systematic excess over the time-of-flight data of 37%, with an rms variation
303 of 25%. On average, the simulated neutron time-of-flight down scatter ratios show slightly
s better agreement with data, than the geometric results, but these too show a systematic

305 excess of 27%.

s Based on the simple model of the fuel assembly, there are three simple ways to ameliorate
307 the discrepancy above: 1) increase the outer radius of the dense shell, 2) reduce the mass
38 in the shell volume, or 3) a combination of both 1) and 2). For the inferred geometric data,
300 the scattered image ng would need to increase 23.4%, or 9.6 um, on average, to eliminate
a0 the discrepancy. This represents a ~ 20 systematic shift in the size of the image and
w1 as discussed above is inconsistent with the current understanding of system performance.
w2 Reducing the mass within the cold-fuel shell by 23.5% will also eliminate the discrepancy
w03 between the data and the geometric down scatter ratio, though this represents a significant
ss fraction of the fuel assembly, close to 40 pg. Initial studies using 2-D Hydra simulations
w5 have indicated several possible means by which mass may be moved outside the 17% of peak
w06 density contour, which has been shown to give good agreement with the scatter neutron
w07 image contour. Low mode mass asymmetries, due to asymmetric drive conditions, generate
ws density gradients that will leave the 17% contour in the same location as the uniform density
w0 configuration, but move as much as 20% of the dense deuterium-tritium mass outside this
a0 volume. In addition, simulations with high mode 2-D mix at the ablator-fuel interface impart
a1 a similar effect, moving as much as 50% of the mass outside the 17% of peak contour. In
a2 3-D, correspondingly smaller growth factors are needed to produce the same effect. An
a3 observed by product of this interface mix in simulated neutrons images is hot-spot shape
aa (Phs /PE) variability on the scale of 10%, which is consistent with observed variations in
a5 the data. More simulation studies and experimental data are required to establish a firm
a6 understanding of the source of the scattering rate discrepancy, but leading causes have been

a7 identified and will continue to be explored.
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as V. SUMMARY

a9 The neutron imaging system has shown itself to be a capable and productive diagnos-
a0 tic tool for understanding the performance of ignition experiments at the NIF. The system
21 routinely produces high quality neutron images of where 14.1 MeV neutrons are born and
22 scattered in imploded deuterium-tritium fuel assemblies. Primary neutron images have been
a3 collected at yields as low as 9E12, and both primary and scattered (6-12 MeV) neutron im-
220 ages have been collected on 17 cryogenically layered deuterium-tritium ignition experiments
s during the period from Dec. 2011 and Aug. 2012. Data from the neutron image diagnostic
a6 has been used to create a simple 3-D model of the compressed fuel assembly by rotating the
w27 17% of peak intensity contour of both the images about the hohlraum axis. The resulting
228 volumes show a typical ignition implosion produces a hot-spot that is characterized by an
29 Oblate spheroid with mean a radius of Pgs = 27.4um, (0pms = 2.4 pm, and a polar deviation
o from the mean of Pi* /P of -15%, (0,ms = 0.16). X-ray images have a mean radius of
w Ph$ = 27.4pm, (0,,s = 2.4 um, and a polar deviation of P4*/Phs of -0.11, (0,ms = 0.16)
32 showing excellent agreement with the neutron image data. Post-shot simulations, using in-
a33 tegrated holhraum calculations, post-processed to generate synthetic neutron images, show
s good agreement with mean radius, P§* = 26.4um, (0,,s = 1.8 um), but tend to produce
s a symmetric implosions with P4 /Ph% of -0.01, (0,ms = 0.18). The corresponding scattered
136 image generates an outer bounding surface for the fuel assembly that may be characterized
w by a sphere of radius PY/ = 41 pym, 0, = 3.9 pm, and P§ /P of -0.01, (0,ms = 0.11).
s Simulated scattered image data are 10% larger, with P/ = 45 ym, o,ms = 2.8 pm, and
a9 P§ /P of 20.03, (0ms = 0.10).

w0 The volume between these two surfaces, where the balance of the deuterium-tritium mass
a1 is located, is characterized by a shell with mean thickness Ty = 13.6 pym, 0,5 = 3.5 pm, and
w2 a polar deviation of Ty /Ty of 0.28, 7,5 = 0.33. Under the assumptions of a uniform density
a3 of deuterium and tritium in the shell volume, the hot-spot asymmetry will result in a radial
aaa polar flux to radial equatorial flux of 0.67, resulting in an asymmetric yield distribution. In
ws addition, a simple concentric shell model may be used conjunction with other burn produced
us data and the assumption of fuel mass conservation to estimate the expected scattering rate
a7 from the assembly. This geometric based estimate of the neutron scattering rate within the

ws fuel assembly is calculated to be 37% larger, on average than that observed by time-of-flight
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uo detectors observing the same neutron flux. The shot-to-shot rms variation of this value is
w0 calculated to be 25%. The simulations used to produce the neutron image data predict a
s scattering rate that is 27% larger than observed in the data, with an rms value of 14%.
»s2 Simulation studies have shown that the discrepancy between the geometric and simulated
»s3 down scatter ratios may be explained by either low mode mass asymmetries with the fuel
sss assembly, or possibly high mode mix at the ablator fuel interface. Further studies on these

w5 effect are underway.
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